Soil carbon contents were measured on a short-rotation woody crop study located on the US Department of Energy's Savannah River Site outside Aiken, SC. This study included fertilization and irrigation treatments on five tree genotypes (sweetgum, loblolly pine, sycamore and two eastern cottonwood clones). Prior to study installation, the previous pine stand was harvested and the remaining slash and stumps were pulverized and incorporated 30 cm into the soil. One year after harvest soil carbon levels were consistent with preharvest levels but dropped in the third year below pre-harvest levels. Tillage increased soil carbon contents, after three years, as compared with adjacent plots that were not part of the study but where harvested, but not tilled, at the same time. When the soil response to the individual treatments for each genotype was examined, one cottonwood clone (ST66), when irrigated and fertilized, had higher total soil carbon and mineral associated carbon in the upper 30 cm compared with the other tree genotypes. This suggests that root development in ST66 may have been stimulated by the irrigation plus fertilization treatment. Published by Elsevier Ltd.
Introduction
Plantation forest managers are under pressure to manage their forests to rapidly produce biomass to meet the growing global demands for fiber and wood products. Strategies employed by land managers include using improved genetic material, intensive site preparation, competition control, pest control and site resource management [1] [2] [3] [4] [5] . These strategies have been successful in increasing biomass production over a relatively short period of time in plantation forests [6] [7] [8] [9] . An additional benefit of these rapidly growing woody crops is the potential to increase the carbon (C) storage belowground. Johnson [10] identified the need to determine management effects on soil properties and soil C sequestration in intensively managed systems. Concurrent with the increase in aboveground biomass of intensively managed shortrotation woody crops is the increase in belowground biomass. The benefits of greater belowground biomass production may have positive benefits to soil C storage [11] [12] [13] . During stand development, root production could increase soil C stocks substantially [14] [15] [16] [17] [18] . For example, Devine et al. [19] attributed soil C gains in a soybeansycamore (Platanus occidentalis)-no-till corn rotation on an agricultural silt-loam soil to the contribution of 4-5-year-old sycamore plantations within the rotation. Rates of soil C accrual under six tree plantations during the first decade following establishment in Tennessee and South Carolina ranged from 40 to 170 g C m À2 year À1 , and most soil C at each site was associated with the silt-clay soil fraction [20] . Additionally, at the end of a rotation the roots left after harvest can also have a strong impact on soil C contents [21] [22] [23] .
Prior to planting, intensive site preparation practices that include the incorporation of organic matter to the soil have shown promise in increasing soil C stocks [24] . Utilizing the CO2FIX model to estimate the amount of C sequestered in a hypothetical hybrid poplar stand grown in the southern United States, Buford and Stokes [25] predicted that soil C contents would increase by approximately 100 Mg ha À1 , over five rotations, when the previous stand's forest slash was incorporated into the soil after each rotation. In separate studies where forest slash was incorporated into soils with different initial soil C contents and hydrology [26] and different textures and amounts of material incorporated [27] , early (o5 years) results provided support for the idea that C could be sequestered in the soil through the incorporation of forest slash.
An intensively managed study was installed in 2000 to examine the effects of resource (i.e., water and nutrients) availability on C and nutrient balance and to define the processes controlling tree growth response to resource availability for five tree genotypes [28] . As a component of that larger study, this manuscript tests the hypothesis that increasing resource (i.e., water and nutrients) availability will increase soil C contents across all genotypes and for each genotype individually. Another hypothesis tested is that site preparation will increase both total soil C and stabilized soil C contents.
Materials and methods

Site description
The study site is located on the US Department of Energy's Savannah River Site (DOE-SRS), a National Environmental Research Park (33123 0 N; 81140 0 E). Details are provided in Coleman et al. [28] , a brief description follows. The mild climate has 17.9 1C mean annual temperatures and 1214 mm mean annual precipitation. The soils are primarily in the Blanton series (loamy, siliceous, semiactive, thermic Grossarenic Paleudults) [29] . The previous vegetation on the site was either 11-year-old loblolly pine (Pinus taeda L.) or 35-year-old longleaf pine (Pinus palustris Mill.) stand, which were harvested in April-May of 1999.
After harvesting, slash (415 cm diameter) were removed off the plots. The residual debris and stumps were then homogenized and tilled 30 cm into the soil with an RS-500 Reclaimer/Stabilizer (CMI Corporation, Oklahoma City). After tillage, dolomite lime was applied at a rate of 3.4 Mg ha À1 and disked into the soil to achieve a target soil pH of 6.5.
Plant material
In this experiment, five genotypes were examined: two eastern cottonwood clones (Populus deltoides), sycamore (Platanus occidentalis L.), sweetgum (Liquidambar styraciflua L.) and loblolly pine. Two eastern cottonwood clones (ST66 and S7C15) were selected to give a greater genetic representation than would be possible with one clone. The other genotypes were single half-sibling families and had more genetic diversity than cottonwood. Planting of loblolly pine, sycamore and sweetgum bare-root seedlings occurred in February 2000, while cottonwood cuttings (1-2 cm diameter) were planted in April 2000.
Experimental design
The trees were planted (2.5 m Â 3 m spacing) with 294 trees within each treatment plot. Within each treatment plot, there was a measurement plot containing 54 trees. This resulted in a border more than 12 m wide. The core study was set up in a three way, complete factorial, split plot design including fertilization, irrigation and five tree species. The treatments examined in this study included (1) control (CON) (neither irrigation nor fertilization), (2) irrigated (I), (3) fertilized (F) and (4) a combination of irrigation and fertilization (IF). Tree genotypes were randomly assigned to whole plots, which were then split into four subplots. The irrigation and fertilization treatments were then randomly assigned to the subplots. Irrigation was done by drip irrigation at a rate of 5 mm of water day À1 to meet evaporative demand [28] . A complete, balanced fertilizer (7-7-7) was applied weekly as liquid injected into irrigation lines. The sum of weekly applications equaled the target annual rate. Annual nitrogen (N) rates were ramped up to meet increasing demand based on growth rates. For cottonwood and sycamore 40, 80 and 120 kg N ha À1 year À1 was applied in years 1, 2 and 3, respectively. For sweetgum and pine the 40 kg N ha À1 year À1 rate applied in years 1 and 2 was increased to 80 in year 3. The fertilizer was applied through a drip irrigation system on both the irrigated and nonirrigated plots. On the non-irrigated plots, only enough water to apply the fertilizer and clear out the lines was used (0.7 mm of water day À1 ).
In addition to the plots in the core design, five plots were harvested but never tilled nor planted. Native vegetation, primarily an upland oak pine mix, was allowed to reestablish on these plots. Although not part of the core study, and not included in the treatment and genotype analyses, these plots were sampled to examine for the effect of site preparation on soil C contents.
Soil sampling
In March 1999, prior to harvesting, 40 soil samples were randomly collected from the 0-15, 15-45 and 45-105 cm depth increments on a 100 m Â 100 m grid for pre-harvest soil C measurements. In 2000 (year 1) and 2003 (year 3), soil samples were collected from three random locations in each plot at four sample depths (0-15, 15-30, 30-45 and 45-105 cm) using a bucket auger. The two upper depths were composite samples from three random locations within the plot because of high spatial variation at the surface, and the two lower depths were collected at just one of the location. Care was taken to exclude any soil not from the sampling depth. For lower depths, the auger was placed carefully back into the sampling hole to reduce entry of top soil into the hole. On all occasions, except for the 0-15 cm depth, loose soil on top of an auger sample was removed by rotating the extracted auger at a slight tilt from horizontal so that loose material would fall out. The color differences of gray top soil on top of a yellow subsoil sample aided the removal of contamination. Prior to analysis, samples were air dried and sieved through a 2 mm screen to remove roots and break up clods. Total soil C concentrations were determined by combustion analysis using a Perkin-Elmer Series II CHNS/O Analyzer Model 2400 (Perkin-Elmer, Wellesley, MA). In years 1 and 3, three samples from random locations within each plot were collected with a lined AMS soil sampler (American Falls, ID) for bulk density measurements. Five centimeter wide by 5 cm long samples were collected from the upper portion of each depth increment and weighed after drying at 105 1C. The samples were then corrected for root weight and volume. No bulk density determinations were made for the pre-harvest samples.
Soil fractionation
Fractionation of the soil samples was done using established procedures [30, 31] . Twenty grams of soil were shaken for 15 h with 100 ml of a 0.5% (w/w) solution of sodium hexametaphosphate. The dispersed soil sample was passed through a 0.053-mm mesh (no. 270) sieve. The material remaining on the sieve was washed with deionized water, dried at 60 1C and then weighed. This fraction is particulate organic matter and contains free organic debris and some larger fragments of organic matter released by dispersion of soil aggregates (i.e., labile organic matter). The material passing through the sieve was evaporated to dryness in a 60 1C and weighed. This fraction contains the mineral associated or stabilized C fraction [32] . Total C concentration was determined for whole samples and each fraction by combustion analysis with a Carlo Erba NA 1500 Series II C/N/S analyzer (Fisons Instruments, Danvers, MA).
Statistical analysis
Treatment effects on soil C contents and stabilized soil C contents were determined using the PROC MIXED procedure in SAS statistical software version 9.12 (SAS corporation, Cary, NC). Treatment effects by depth were conducted across all genotypes and for each genotype independently. Additionally, the effects of soil tillage on third year total soil C and stabilized soil C contents were examined. Differences in treatment means were determined using Tukey's studentized range test.
Results
Carbon change
Three years after study installation, soil C concentrations were not statistically different between treatments (p ¼ 0.55) but were significantly lower than year 1 values (p ¼ 0.004) (Fig. 1A) . The year 1 values were higher than pre-harvest values; however, by the third year, soil C concentrations were comparable to pre-harvest values. Bulk densities were not statistically different (p ¼ 0.19) in years 1 and 3 at any depth ( Fig. 1B) . No bulk density measurements were taken in the pre-harvest sampling; however, since there was no statistical difference in bulk density for years 1 and 3, it was assumed that they approximated pre-harvest bulk densities. Consequently, year 3 bulk density measures were used in the calculation of C content for the pre-harvest sampling. In the third year, C contents were significantly lower than year 1 levels (p ¼ 0.01) and, presumably, pre-harvest levels (Fig. 1C ).
Site preparation
To determine the effects of site preparation (soil tillage and biomass incorporation), year 3 soil C contents were compared between the CON treatment (harvested and site preparation) plots and the unprepared (harvested with no site preparation) plots. Soil C contents were generally higher at all depths for the CON treatment than the unprepared plots ( Fig. 2 ). An exception was noted at the 45-105 cm depth in which tillage/biomass incorporation resulted in lower soil C contents. Soil tillage/ biomass incorporation and depth effects were significant (p ¼ 0.09 and 0.0002, respectively) as was their interaction (p ¼ 0.03). In the upper 45 cm, the CON plots had approximately 1.7-3.6 Mg ha À1 more C than the unprepared plots, for a given depth increment. At the 45-105 depth, the CON plots had 1.6 Mg ha À1 less soil C content. For all depths, some of the additional soil C was stabilized by its association with the mineral component ( Fig. 3 ).
Treatments
Examination of the treatments (i.e., irrigation and fertilization) and genotype effects across all depths indicated no significant (p40.1) effects or interactions with the exception of the genotype X fertilization interaction (p ¼ 0.06). When the treatment effects on each individual genotype were examined, no significant (p40.1) differences were detected between treatments or their interactions (data not shown). An exception was the cottonwood ST66 clone. For this clone, fertilization and depth effects were significant (p ¼ 0.02 and po0.0001, respectively) while irrigation did not result in a significant effect (p ¼ 0.22) and there were no significant interactions. In the upper 30 cm of the mineral soil, the cottonwood ST66 clone on the IF plots had higher soil C content than the cottonwood ST66 clone on the other treatment plots (Fig. 4 ). Portions of the increased soil C content was stabilized by its association with soil minerals (Fig. 5) . In an analogous manner to the total soil C content, stabilized C contents had significant fertilization and depth effects (p ¼ 0.08 and po0.0001, respectively), but irrigation was not a significant effect (p ¼ 0.16). 
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Discussion
Carbon change
Generally there is a loss of soil C immediately after a harvest due to the rapid loss of labile C [33] . However, soil C concentrations rebounded by the first year to levels higher than before harvest probably due to inputs from decomposing necromass [27, 34] . In the southeastern United States, the temperate climate and active decomposer organisms results in rapid decomposition of organic matter [35] . This increase in soil C was short lived with third year soil C concentrations approaching pre-harvest levels. The lack of a significant treatment effect on soil C concentrations (p ¼ 0.55) in the third year sampling suggest that site resources (i.e., water and nutrients) are sufficient to drive the C dynamics at this site and additional water or nutrients do not significantly alter the C dynamics. An exception to this observation will be discussed in Section 4.3.
Although it is a reasonable expectation to see soil compaction after a harvest, no direct determination of compaction can be made since there were no pre-harvest bulk density measurements; however, there was no significant difference (p ¼ 0.19) in bulk densities between years 1 and 3. This suggests that any soil compaction from the harvest operation had recovered by the first year. Soil tillage was probably the main contributor to this recovery. Sandy soils, such as those on this study, with initial bulk densities greater than 1.2 Mg m À3 generally do not compact to a large degree and recover rapidly, even when extensive efforts are exerted to compact the soil [23, 36] . Consequently, it is reasonable to use the third year bulk density measures as a proxy for pre-harvest values in the calculation of soil C contents.
A change in C contents can only occur when C loss and C gain are not equal. The probable labile C lost during the harvest seems to have been replenished by the first year suggesting that decomposition of necromass is contributing more C than is being lost through respiration or leaching. The additional C is coming primarily from decomposing necromass as C contributions from the forest floor and first year root systems would be small. Powers et al. [23] observed similar increases in some of their study sites, and attributed the increases to variations in sampling, increases in bulk density and input from decomposing necromass. By the third year, C contents have dropped to below preharvest values. At this stage, it is probable that the necromass decomposed in the first year has undergone further oxidation resulting in C loss through respiration or leaching and this C loss is greater than the C contribution by roots or the forest floor.
The physical capacity of a soil to protect organic matter is dependent on soil texture and the amount of organic matter already protected (i.e., stabilized) [18, 32, 37, 38] . Hassink and Whitmore [38] developed a model relating the physical protection of organic matter to soil texture. Their model suggested that soils, regardless of texture, could maintain a minimum of 21.1 g C kg À1 soil. They were not suggesting that all soils had a minimum of 21.1 g C kg À1 soil but that they could maintain that amount through physical stabilization. The soils in our study were generally below 10 g C kg À1 soil at all depths so, according to the model developed by Hassink and Whitmore [38] , there is potential to increase the soil C contents of these soils. This was not observed in our study, where there was a loss of C by the third year as compared with pre-harvest. However, the proportion of C stabilized in the soil for the different samplings remained remarkably consistent ( Table 2 ). The C stabilization model of Hassink and Whitmore [38] described a steady-state condition, where the amount of labile C entering the stabilized C pool was equal to the amount of stabilized C entering the labile C pool. This condition seems to describe our observations where the proportion of stabilized C remained approximately in the mid-to upper 60 percentile.
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Site preparation
Generally, site preparation resulted in an increase in third year soil C contents at all depths except for the 45-105 cm depth increment where there was a loss of soil C content (Fig. 2) . Theoretically, the RS-500 Reclaimer/ Stabilizer should distribute the necromass evenly within the 0-30 cm depth increment. In practice, a large component of the organic matter was concentrated at the 15-30 cm depth. This may explain why the largest increase in soil C content due to tillage was at the 15-30 cm depth increment. The increases observed at the 30-45 cm depth may be due to soil settling, transport of masticated material from the upper depths by soil fauna, and infusion of dissolved organic matter (DOM) from the upper depths, particularly if the disturbance from the tillage accelerated decomposition of soil organic matter.
Decomposition of masticated material in the upper depths (i.e., 0-30 cm) and probable vertical movement of DOM on these sandy sites resulted in an influx of organic matter at all depths. The C added during the tillage was partially stabilized by its association with soil minerals (Fig. 3) . The amount of stabilized C relative to labile C ( Fig. 6 ) and total C (Table 1) indicates a substantial stabilization of the incorporated material. Garten and Ashwood [39] demonstrated that C stabilized by its association with soil minerals have turnover times ranging from 18 to 141 years, depending on ecosystem conditions, with an average turnover time of 56 years; thus, providing an effective means of C storage ( Table 2) .
Treatments
Across all treatment and genotypes, there were no significant main effects in the third year, but there was a significant genotype X fertilization interaction (p ¼ 0.06), which resulted primarily from the significant fertilization effect (p ¼ 0.02) in the plots planted with the cottonwood ST66 clone. Although there was no significant irrigation X fertilization interaction (p ¼ 0.30) for these plots, the combination of irrigation plus fertilization resulted in an additive effect that increased soil C contents as compared with the CON treatment ( Fig. 4 ). Since soil tillage should result in a more homogenous soil condition, any differences in soil C contents should primarily come from live root inputs. Mean annual belowground biomass for cottonwood ST66 on the IF treatment plots was more than double that of the CON plots in the third year (0.6 and 2.0 Mg ha À1 year À1 , respectively) ( Table 3 ) [9] . Coyle and Coleman [9] also found that fertilization significantly (pp0.01) increased fine root biomass for cottonwood ST66 trees but had no significant affect on cottonwood S7C15 and sycamore trees. Additionally, the concentration of necromass at the 15-30 cm depth due to tillage may result in a more favorable soil environment (i.e., higher nutrients and soil moisture) for root development and yield the observed larger effects at this depth increment.
Guo et al. [17] determined that fine root density and not total fine root biomass produced was the critical factor in controlling how soil C stocks would be affected by roots. The response of the cottonwood ST66 clone to the IF treatment suggests that root development in the cottonwood ST66 clone may have been stimulated by the treatment. Both cottonwood clones had significant positive growth responses to fertilization but only the ST66 clone had a positive response to irrigation [28] , but this effect largely disappeared by the third year [9] . The combination of irrigation and fertilization had an additive effect on tree growth [28] and belowground biomass [9] for these clones.
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As was observed in the examination of the tillage effect on soil C contents, a large portion of the increased soil C contents in the IF treatment as compared with the other treatments for cottonwood ST66 was partially stabilized by its associated with minerals ( Fig. 5) . The observed C increases in the treatment comparisons is from root inputs since all of the treatment plots were tilled with incorporation of masticated material. The origin of the additional C (i.e., masticated material versus root inputs) may determine how persistent the C increases will be. Logging slash and large root systems from the previous stand will probably be more resistant to decomposition than live root inputs primarily fine roots. Logging slash and old root systems would be larger, coarser and have higher C:N ratios than live root inputs which would contribute to slower rates of decomposition. In a study investigating the build up and persistence of soil C near live roots, Sanchez and Bursey [40] demonstrated the transient nature of soil C originating from live roots. This research coupled with the observation that the unprepared plots (harvested but not tilled) had high levels of labile C (Fig. 6 ) suggests that the observed soil C increases may persist for only a few years.
What may be more relevant to long term C sequestration goals is the increase in belowground biomass. The larger belowground biomass realized in these managed systems may persist long after the stand is harvested. Ludovici et al. [22] demonstrated that loblolly pine stumps remaining after a harvest can persist for several decades in a silty loam soil.
Root decay could lead to high levels of localized concentrated C [21] and has been found to have an overriding influence on soil C contents [23] . Root decomposition rates will vary by factors such as genotype, soil texture and drainage but will probably be in the same magnitude as observed by Ludovici et al. [22] . Even so, buried root systems (i.e., coarse and tap roots) are a larger source of C and may persist much longer than C inputs from masticated forest slash or fine roots.
Conclusions
The utilization of short-rotation woody crops with ample resource (i.e., water and nutrients) availability is a strategy for the rapid production of fiber and wood products necessary on the global scale. Additionally, site preparation methods such as tilling and incorporation of soil amendments (i.e., forest slash) further improve the potential for greater biomass production. These intensively managed stands could also increase soil C stocks from the increase in the belowground biomass contribution to soil C pools. However, the potential increases in soil C contents were not realized in this study primarily because there was a decrease in soil C concentrations following harvest. Despite an influx of soil C in the first year, third year soil C contents were lower than pre-harvest estimates probably because of further decomposition of soil organic matter.
In the third year, fertilization increased soil C contents for the cottonwood ST66 clone whereas irrigation did not have a significant effect. There were no significant treatment effects for any other genotype examined. Although irrigation was not a significant effect for the cottonwood ST66 clone, it had an additive effect to the fertilization treatment. This effect was most evident in the upper 30 cm of mineral soil where the majority of cottonwood root system resides. This effect was not observed in the other cottonwood clone (S7C15) used in this study. A possible explanation for this observation comes from the origins of the two clones. Cottonwood ST66 originates along the Mississippi delta and more responsive to water and nutrient additions; whereas, the cottonwood S7C15 clone originates from Texas and may be more tolerant of water and nutrient limitations.
In all cases where there was an observed increase in soil C contents, there was a concurrent increase in the amount of stabilized C contents. However, the net amount of C stabilized, regardless of sampling date, remained relatively consistent at around mid-to upper 60 percentages. These observations suggest that by the third year, these soils may have reached a steady state but not necessarily their maximum protective capacity, as proposed by Hassink and Whitmore [38] . In addition to physical protection, another factor that must be considered is the inherent chemical stability of the organic matter. As the organic matter's composition increases in microbially resistant compounds, such as polyphenols and aliphatics, its stability in the soil should increase. Root inputs Table 3 Mean annual biomass production (Mg ha À1 year À1 ) of sycamore, cottonwood ST66 and cottonwood S7C15 after 3 years from Coyle and Coleman [9] generally have lower concentrations of recalcitrant materials, whereas masticated forest slash would have a larger relative proportion of chemically recalcitrant compounds. However, what may be more important to soil C sequestration goals may be in the persistence of the belowground root system after harvest. If intensive management of short-rotation woody crops is successful in increasing above-and belowground biomass, the amount of material (i.e., root systems) that we leave buried after a harvest may be the preferred mechanism for longterm soil C sequestration.
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